Introduction {#S0001}
============

Alzheimer's disease (AD) is the most cause of dementia among the elderly population and causes typical neuropathological changes such as the accumulation of extracellular β-amyloid (Aβ) and intracellular hyper-phosphorylated tau protein. Currently, there is no effective treatment for AD. The central role of Aβ in the onset and progression of AD has been well documented.[@CIT0001] On the other hand, autophagy is an evolutionarily conserved catabolic process of self-degradation of aggregated proteins and dysfunctional organelles. It has been reported that dysfunction of autophagy plays a critical role in the pathogenesis of the senile plaque.[@CIT0002] Therefore, autophagy is becoming an attractive target for treating neurodegenerative diseases through the selective degradation of abnormally folded proteins.

Furthermore, glucagon-like peptide 1 (GLP-1) is an intestinal hormone which regulates glycemia by stimulating glucose-dependent insulin release. In recent years, mounting evidence has shown that GLP-1 analogues have remarkable neuroprotective effects. These effects are associated with the inhibition of neuronal insulin resistance induced by Aβ.[@CIT0003],[@CIT0004] It has also been reported that the treatment of GLP-1 analogues in mouse models of AD, including aged animals can decrease Aβ plaque loads, and reduce Aβ-induced inflammatory responses, and improve neurogenesis, neuronal survival, and synaptic integrity, restore long-term potentiation and reduce cognitive decline.[@CIT0004]--[@CIT0008] GLP-1 activation of GLP-1R participates in the regulation of insulin signaling pathways to improve insulin resistance, mainly including the PI3K and MAPK pathways.[@CIT0009]

However, whether GLP-1 analogues have an effect on autophagy regulation in AD models is currently unclear. Previous studies have found that nutrient fluctuations can promote the secretion of hormones and neurotransmitters to regulate autophagy through G-protein coupled receptors (GRCRs).[@CIT0010] Binding of GLP-1 to its corresponding Gs-coupled receptor (GLP-1R) has been found to occur not only in pancreatic β cells but also in the brain and other tissues, and is known to lead to the activation of GLP-1R which is involved in the regulation of autophagy. The downstream targets of GPCRs are the important molecules involved in the PI3K/AKT/mTOR, MAPK, and AMPK pathways which are related to regulation of autophagy.[@CIT0010] Therefore, there may be common signaling pathways of GLP-1 for reducing insulin resistance and GLP-1R for mediating autophagy. Therefore, we hypothesize that GLP-1 analogues play a key role in the regulation of autophagy.

In the present study, we investigated whether the novel GLP-1 analogue liraglutide, a drug for T2DM treatment, can regulate autophagy in the APPswe/SH-SY5Y cells, an AD cellular model. We also investigated whether autophagy is required for liraglutide-mediated reduction of Aβ generation and explored the potential mechanisms of mTOR and JNK signaling.

Materials and Methods {#S0002}
=====================

Cell Culture and Transfection {#S0002-S2001}
-----------------------------

The human neuroblastoma SH-SY5Y cell line was purchased from the Shanghai cell bank of Chinese Academy of Science. Cells were grown in DMEM (Gibco, USA) medium supplemented with 10% fetal bovine serum (Gibco, USA), 100 IU/mL penicillin and 100 ug/mL streptomycin and maintained in a humidified incubator at 37°C with 95% air and 5% CO~2~. Cells were grown at a density of 1 × 10^5^ cells per well in 6 well plates. The medium was changed every 48 h. Cells at 80% confluence were subcultured every 3 days. To establish the AD cellular model, APPswe was overexpressed in SH-SY5Y cells via the transient transfection of pcDNA3.1-APP695swe using lipofectamine 3000 (Invitrogen, USA). The empty pEGFPN1 vector was used as a negative control. The high expression level of APP695 protein and increased Aβ42 secretion in APPswe/SH-SY5Y cells have been verified by Western blotting analysis and ELISA in our previous studies.[@CIT0011]

Drug Treatment {#S0002-S2002}
--------------

After 24 h of transient transfection, APPswe-overexpressed cells were treated with single liraglutide (10 nM, Novo Nordisk), 3-Methyladenine (3-MA, 5 mM, MCE), or a combination of both for 24 h. The stock preparations of liraglutide and 3-MA were diluted in Gibco Water for Injection and Phosphate Buffered Saline (PBS), respectively. To investigate the involved signaling pathway(s), LY294002 (10μM, Sigma), Rapamycin (250 nM, MCE) and SP600125 (5 μM, Abcam) were separately added 1 h prior to liraglutide, followed by 24 h of co-treatment with liraglutide. The stock solutions of LY294002, Rapamycin and SP600125 were all prepared using DMSO; the final concentration of DMSO in working solution was less than 0.1% which showed no signs of cytotoxicity in preliminary experiments. The dose of liraglutide and other drugs used in this study was based on the results of preliminary experiments and values reported in literature.[@CIT0012],[@CIT0013]

Measurement of Aβ42 Level by Enzyme-Linked Immunosorbent Assay (ELISA) {#S0002-S2003}
----------------------------------------------------------------------

The cell culture medium was collected from each test group and centrifuged. The supernatants were collected and stored at −80°C before performing the ELISA test. The level of Aβ was determined using a human Aβ42 ELISA kit (Invitrogen, USA) which is a sensitive fluorescence-based sandwich ELISA. The procedures were performed according to the manufacturer's instructions. Each group was replicated in three plates and the experiment was repeated three times.

Western Blotting {#S0002-S2004}
----------------

Cellular proteins were extracted using RIPA lysis buffer supplemented with 1% proteinase inhibitor. The protein concentration of cell lysates was measured using a BCA method (Beyotime, China). An equal amount of protein (20μg) in each sample was loaded into 10% SDS-PAGE gels, separated in the gels and transferred to PVDF membranes (Millipore, USA) by electrophoresis. The membranes were blocked with 5% non-fat dried milk for 2 h at room temperature and then incubated with primary antibodies overnight at 4°C. Antibodies used included anti-LC3B (1:1000; Abcam, UK), anti-Beclin-1 (1:1000; Abcam, UK), anti-p62 (1:1000; Abcam, UK), anti-AKT (1:1000; Abcam, UK), anti-p-AKT (s473) (1:1000; Abcam, UK), anti-mTOR (1:1000; Abcam, UK), anti-p-mTOR (1:1000; Abcam, UK), anti-JNK (1:1000; Abcam, UK), anti-p-JNK (1:1000; Abcam, UK), anti-bcl-2 (1:1000; PTG, USA), anti-GAPDH (1:2000, PTG, USA), and anti-α-Tubulin (1:2000; PTG, USA). The membranes were then washed and incubated with the HRP-linked secondary anti-rabbit antibody (1:5000; Beyotime, China) for 1 h at room temperature. Finally, protein bands were detected using an ECL system (Millipore, USA) and quantified using the Image J software. The blots were repeated from at least three independent experiments.

Statistical Analysis {#S0002-S2005}
--------------------

In this study, all data were presented as the mean ± standard deviation (SD) of three independent experiments for each group. One-way ANOVA followed by Student Newman--Keuls test was used to test for statistically significant differences between groups, *p*\<0.05 was considered statistically significant. Before analysis, the largest and the smallest variances were tested for homogeneity using the F-test. Statistical calculations were performed using SPSS18.0.

Results {#S0003}
=======

Autophagy in APPswe/SH-SY5Y Cells is Induced by Liraglutide Treatment {#S0003-S2001}
---------------------------------------------------------------------

To investigate whether liraglutide can induce autophagy in APPswe/SH-SY5Y cells, we applied 3-MA, an autophagy inhibitor. The autophagy inducer rapamycin, which is a potent mTOR inhibitor, was also used as a positive control. The activation of the autophagy process can be determined by monitoring LC3II flux.[@CIT0014] In addition to LC3, p62 is another potent marker that reflects the autophagy status; this is either because of the role of the p62 protein as a link between LC3 and ubiquitinated substrates or because of the negative correlation between p62 protein level and autophagy activity. Moreover, Beclin-1 also plays a key role in the initiation of autophagosome formation.[@CIT0015] To this end, changes in the level of LC3, p62 and beclin-1 in liraglutide-treated cells were examined by Western blots. As shown in [Figure 1](#F0001){ref-type="fig"}, liraglutide significantly increased the LC3II/LC3I ratio (1.259-fold) and the level of beclin-1 protein (1.238-fold) in APPswe/SH-SY5Y cells compared to APP control (*p*\<0.05). Meanwhile, the level of the p62 protein in liraglutide-treated cells was significantly decreased compared to APP control (0.852-fold) (*p*\<0.05). These results were similar to the effects of the autophagy activator rapamycin (*p*\<0.05). Nevertheless, we still found that 3-MA significantly blocked the liraglutide-upregulated LC3II/LC3I ratio (0.675-fold) and protein level of beclin-1 (0.767-fold), as well as the liraglutide-downregulated expression of the p62 protein (1.191-fold) ([Figure 2](#F0002){ref-type="fig"}). These results suggest that liraglutide can significantly enhance autophagy in APPswe/SH-SY5Y cells.Figure 1The effects of liraglutide and rapamycin on autophagy markers in APPswe/SH-SY5Y cells. (**A**--**D**) Western blotting data show that liraglutide significantly upregulates the LC3II/LC3I ratio and the level of beclin-1 protein, but down-regulates the level of p62 protein in APPswe/SH-SY5Y cells, compared to APP control. These results are similar to the effects of Rapamycin on autophagy in APPswe/SH-SY5Y cells. Data were presented as mean ± SD from three independent experiments. Data were analysed by one-way ANOVA followed by Student Newman--Keuls test. \**p*\<0.05 vs APP control, \*\**p*\<0.01 vs APP control.Figure 23-MA blocks the effect of liraglutide on autophagy in APPswe/SH-SY5Y cells. (**A**--**D**) Western blotting data show that the autophagy inhibitor 3-MA significantly blocks the liraglutide-upregulated LC3II/LC3I ratio and protein level of beclin-1, as well as the liraglutide-downregulated expression of the p62 protein in APPswe/SH-SY5Y cells. Data were presented as mean ± SD from three independent experiments. Data were analysed by one-way ANOVA followed by Student Newman--Keuls test. \**p*\<0.05 vs APP control,\*\**p*\<0.01 vs APP control.

The Generation of Aβ42 and Activation of Autophagy in Liraglutide-Treated Cells {#S0003-S2002}
-------------------------------------------------------------------------------

In this study, we also investigated the relationship between Aβ42 generation and autophagy in liraglutide-treated cells. Our results ([Figure 3](#F0003){ref-type="fig"}) showed that liraglutide significantly reduced the level of Aβ42 in the culture medium of APPswe/SH-SY5Y cells (35.294±5.000 pg/mL) compared to APP control (51.034±6.066 pg/mL) (*p*\<0.05). However, the liraglutide-mediated decrease of extracellular Aβ42 can be blocked by 3-MA (45.374±5.348 pg/mL), suggesting that autophagy activation by liraglutide is required for the liraglutide-mediated reduction in the generation of Aβ42 in APPswe/SH-SY5Y cells.Figure 3The effect of liraglutide on the generation of Aβ~42~ in APPswe/SH-SY5Y cells. ELISA results show that liraglutide significantly reduces the level of Aβ~42~ in the culture medium of APPswe/SH-SY5Y cells, compared to APP control. The decrease of extracellular Aβ~42~ induced by liraglutide can be blocked by 3-MA and SP600125. Data were presented as mean ± SD from three independent experiments. Data were analysed by one-way ANOVA followed by Student Newman--Keuls test. ^\#\#^*p*\<0.01 vs NC group, \**p*\<0.05 vs APP control.

The Role of the mTOR Signaling Pathway in Liraglutide-Mediated Autophagy {#S0003-S2003}
------------------------------------------------------------------------

The serine/threonine protein kinase (mTOR) signaling pathway acts as the most important regulator of autophagy by suppressing the process in mammalian cells.[@CIT0016] Since the PI3K/AKT/mTOR signaling pathway plays a significant role in the regulation of the autophagy process,[@CIT0016] in this study we investigated the involvement of the PI3K/AKT/mTOR axis in liraglutide-induced autophagy pathway activation. As shown in [Figure 4](#F0004){ref-type="fig"}, liraglutide increased the ratio of both p-AKT/AKT (1.544-fold) and p-mTOR/mTOR (1.426-fold) in APPswe/SH-SY5Y cells, as compared to APP control (*p*\<0.05). On the other hand, the PI3K inhibitor LY294002 and the mTOR inhibitor rapamycin attenuated the phosphorylation of AKT and mTOR that is induced by liraglutide. These results suggest that liraglutide-induced autophagy enhancement may be in mTOR-independent manner, although liraglutide activated PI3K/AKT/mTOR pathway.Figure 4The PI3K/AKT/mTOR signaling pathway is dispensable for liraglutide-induced autophagy. (**A**) Western blotting data show that liraglutide significantly upregulates p-AKT/AKT ratio in APPswe/SH-SY5Y cells, compared to APP control. LY294002 blocks the liraglutide-induced phosphorylation of AKT. (**B**) Western blotting data show that liraglutide significantly upregulates p-mTOR/mTOR ratio in APPswe/SH-SY5Y cells, as compared to APP control. Rapamycin blocks the liraglutide-induced phosphorylation of mTOR. Data were presented as mean ± SD from three independent experiments. Data were analysed by one-way ANOVA followed by Student Newman--Keuls test. \*\**p*\<0.01 vs APP control.

The Role of the JNK Signaling Pathway in the Liraglutide-Mediated Autophagy Process {#S0003-S2004}
-----------------------------------------------------------------------------------

C-Jun N-terminal kinase (JNK) is a major GPCR-activated and stress-activated protein kinase (SAPK) and it belongs to the MAPK family. A variety of stress signals including autophagy can trigger JNK activation.[@CIT0017] To test whether JNK was involved in liraglutide-induced autophagy activation, the JNK inhibitor SP600125 was utilized in this study. As shown in [Figure 5](#F0005){ref-type="fig"}, the ratio of p-JNK/JNK was increased (1.209-fold) in liraglutide-treated cells, compared to APP control (*p*\<0.05), but the liraglutide-induced phosphorylation of JNK could be blocked by SP600125 (0.700-fold). SP600125 also blocked both liraglutide-upregulated LC3II/LC3I (1.272-fold) and the liraglutide-mediated decrease of extracellular Aβ42 (43.818±4.045 pg/mL) ([Figure 3](#F0003){ref-type="fig"}). These results suggest that the JNK signaling pathway is involved in the liraglutide-induced autophagy process. To better understand the liraglutide-mediated regulation of autophagy, the effect of JNK on the phosphorylation of Bcl-2 and the disassociation of beclin-1 from Bcl-2 in liraglutide-treated cells was also evaluated. It has been reported that Bcl-2 inhibits the formation of autophagosomes through its binding to beclin-1,[@CIT0015],[@CIT0018] while dissociation of Beclin-1 and Bcl-2 may induce autophagy. Our results showed that liraglutide significantly decreased the expression of bcl-2 (0.561-fold) and increased the expression of beclin-1 (2.010-fold) in APPswe/SH-SY5Y cells (*p*\<0.05). Simultaneously, SP600125 blocked the effect of liraglutide on the expression of bcl-2 (0.858-fold) and beclin-1 (1.219-fold) in APPswe/SH-SY5Y cells. These results indicated that liraglutide may promote autophagy in APPswe/SH-SY5Y cells by activating the JNK signaling pathway and inhibiting the beclin-1/bcl-2 complex.Figure 5Induction of autophagy by liraglutide through activating the JNK signaling pathway. (**A**--**E**) Western blotting results show that liraglutide significantly increases the ratio of p-JNK/JNK in APPswe/SH-SY5Y cells compared to APP control. The liraglutide-induced phosphorylation of JNK and the increased LC3II/LC3I ratio can be blocked by SP600125. Furthermore, liraglutide significantly reduces bcl-2 expression, but increases beclin-1 expression, the effect of which can be blocked by SP600125. Data were presented as mean ± SD from three independent experiments. Data were analysed by one-way ANOVA followed by Student Newman--Keuls test. \**p*\<0.05 vs APP control, \*\**p*\<0.01 vs APP control, ^\#\#^*p*\<0.01 vs liraglutide group.

Discussion {#S0004}
==========

GLP-1-reduced insulin resistance and GLP-1R-enhanced autophagy may share common signaling pathways. Therefore, we speculated that GLP-1 analogues might ameliorate Aβ pathology through the regulation of autophagy in APPswe/SH-SY5Y cells, an in-vitro model of AD. Since there are few reports regarding GLP-1 analogue-mediated regulation of autophagy on Aβ pathology using AD models, in the current study we investigated the effect of liraglutide on Aβ42 generation and autophagy in APPswe/SH-SY5Y cells. Our study showed that liraglutide can reduce Aβ42 generation and simultaneously enhance autophagy in APPswe/SH-SY5Y cells. These effects, however, could be counteracted by the autophagy inhibitor 3-MA. Based on our findings, we hypothesize that the reduction of Aβ42 generation by liraglutide might through enhancing autophagy in APPswe/SH-SY5Y cells.

Recently, more attention has been paid to the role of autophagy in neurodegenerative diseases, including AD. Chronic dysfunction of autophagy-lysosome system has been reported to be perhaps the most likely cause of Aβ generation, aggregation and clearance. Previous studies have found that the level of Beclin-1 mRNA and protein were dramatically decreased in the brain tissue of AD cases.[@CIT0019],[@CIT0020] Both LC3-II/I, a biomarker of autophagosome formation, and markers of autophagic flux are also reduced in the AD brain and its early stages.[@CIT0021] In the APP transgenic mouse model, depletion of Beclin-1 significantly promotes the accumulation of both intraneuronal and extracellular Aβ deposition.[@CIT0019] Rapamycin, an autophagy enhancer, was reported to be effective for improving cognitive function in mouse models of AD through a mechanism related to the autophagy-mediated reduction in Aβ and tau pathology.[@CIT0022]--[@CIT0024] Our results are in agreement with the above-mentioned studies. We speculate that many of the decreased Aβ42 generation is probably related to the elevation of autophagy induced by liraglutide with increased protein degradation.

GLP-1 analogues act as a PI3K activator to positively regulate the classical PI3K/Akt/mTOR signaling pathway, thus inhibiting autophagy. However, our results clearly demonstrated that liraglutide can reduce Aβ42 generation by promoting autophagy in APPswe/SH-SY5Y cells. Therefore, we consider that liraglutide-induced autophagy enhancement might be independent of the PI3K/Akt/mTOR pathway. Actually, we confirmed this idea by using PI3K/Akt/mTOR pathway inhibitors. In addition to the PI3K/AKT/mTOR signaling pathway, MAPKs such as ERK, p38, and JNK may also play an important role in regulating the autophagy process.[@CIT0025] JNK is an important contributor for GPCR-mediated activation of autophagy in response to stress conditions, and activation of autophagy by JNK is associated with Bcl-2/Bcl-xL phosphorylation. JNK induces Bcl-2/Bcl-xL phosphorylation, leading to the dissociation of the Beclin 1-Bcl-2/Bcl-xL complex. The released Beclin 1 as an essential inducer of autophagy can then trigger the autophagy process.[@CIT0026] Our study also demonstrated that JNK pathway is critical for the liraglutide-induced autophagy process as it was shown to disrupt the interaction of beclin-1/bcl-2 in our AD cellular model. Therefore, the activation of autophagy by JNK through the disassociation of beclin-1 from Bcl-2 is a possible molecular mechanism underlying the liraglutide-induced autophagy enhancement in our AD cellular model. This finding revealed that liraglutide-reduced Aβ generation may be mediated through JNK-dependent autophagy enhancement, which is consistent with previous reports. For example, Lei et al reported that proteasome inhibition upregulated BAG3 levels and improved tau clearance are dependent of JNK-activated autophagy because the inhibition of JNK or the depletion of BAG3 can attenuate the proteasome inhibition-mediated decreases of tau.[@CIT0027] Zhang et al reported that caffeic acid reduces A53T α-synuclein by activating JNK/Bcl-2-mediated autophagy in vitro and improved behavior and reduced α-synuclein in the substantia nigra in a mouse model of Parkinson's disease.[@CIT0013]

The role of autophagy in the development of AD is still highly debated. In other studies, the inhibition of autophagy has shown to have a beneficial role in AD.[@CIT0028] In contrary to our results, one study found that the JNK inhibitor SP600125 could improve spatial memory in Aβ-injected rats with memory deficit because the reduced Aβ-induced autophagy process.[@CIT0029] Although autophagy has a protective function in AD through the degradation of Aβ, autophagic activity must be limited at the proper level, otherwise excessive autophagy may cause cell death due to neurotoxicity.[@CIT0030] Previous studies have also found that enhanced autophagy, along with a lack of adequate lysosome-mediated clearance may lead to Aβ aggregation.[@CIT0031] On the other hand, enhanced autophagy also promotes Aβ generation due to autophagic vacuoles enriched by APP and proteases. The effects of autophagy activation may vary significantly depending on the pathophysiological stage of AD. Some studies suggest that rapamycin treatment may be harmful in ageing conditions with pre-existing pathology.[@CIT0032] Therefore, enhancing autophagy earlier in disease course before lysosomal deficits may be crucial to autophagy-based therapies.

Despite these promising results, there are several limitations of our study. GLP-1 analogues such as liraglutide can freely cross the blood-brain barrier; however, whether liraglutide can promote autophagy in AD animal models is still largely unknown. To this end, it is necessary to clarify the in-vivo effect of liraglutide on autophagy using AD animal models. Furthermore, multiple signaling molecules other than JNK, such as cAMP, MAPK/ERK1/2, and AMPK may be involved in the GLP-1R-modulated autophagy process. The role of autophagy in the regulation of AD development may vary in different stages of the disease. Further studies are needed to better clarify the molecular mechanisms of liraglutide-induced autophagy using in vivo and in vitro AD models.

Conclusion {#S0005}
==========

Our data strongly suggest that liraglutide, a novel GLP-1 analogue, can reduce Aβ42 generation by promoting autophagy in APPswe-overexpressed SH-SY5Y cells. Inhibition of the beclin-1/bcl-2 complex through JNK activation might be a possible molecular mechanism of liraglutide-mediated autophagy in this AD cell model. Regulation of autophagy may be considered as a potent therapeutic intervention for the treatment of neurodegenerative diseases. Our results indicate a novel neuroprotective effect of liraglutide on an AD cellular model. This result suggests that autophagy regulation is required for the neuroprotection of liraglutide which can be developed as a very promising drug for AD treatment.
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